Abstract: Fish removal has been used to restore temperate lakes, and positive effects on ecological state and water clarity have frequently been recorded in many lakes. Recently, a supplementary measure, transplantation of submerged macrophytes after fish removal, has been applied to restore warm Chinese shallow lakes in order to compensate for the expected lack of increasing grazing control of phytoplankton after the biomanipulation. These measures have successfully shifted turbid warm lakes to a clear water state, but little is known about the responses to restoration of key physico-chemical variables. We analyzed the seasonal variation in nutrient concentrations in two subtropical and one tropical biomanipulated shallow Chinese lakes subjected to restoration. In all three lakes, a marked decline occurred in the concentrations of lake total nitrogen (TN), total phosphorus (TP), total suspended solids (TSS), and chlorophyll a (Chl a), while the transparency (SD:WD ratio, Secchi depth to water depth ratio) increased. A clear water state was established, lasting so far for 7 to 23 months, and TN, TP, Chl a, and TSS levels in the three restored lakes decreased to, on average, 49%, 58%, 41%, and 18% of the level prior to restoration and/or the level in a reference lake, respectively, while the annual mean SD:WD ratio exhibited a 1.5-4 fold increase. In conclusion, lake restoration by transplantation of submerged macrophytes after fish removal had major positive effects on the physico-chemical variables in our study lakes. However, continuous control of omnivorous and herbivorous fish biomass is recommended as the fish typically present in warm, shallow lakes to some extent feed on submerged macrophytes, when available.
Introduction
In many countries world-wide, food web biomanipulation, such as removal of planktivorous and benthivorous-omnivorous fish and transplantation of submerged macrophytes, has been considered as an important and useful approach to restore eutrophic shallow lakes. Predation by planktivorous transparency in three (sub)tropical Chinese lakes responded to biomanipulation (fish removal and reestablishment of submerged macrophytes).
Materials and Methods

Description of the Study Lakes
Lake Wuli (31 • 32 05.82" N, 120 • 14 12.16" E) is a subtropical, shallow, hypereutrophic, and isolated bay in Lake Taihu, situated in Wuxi City in Jiangsu Province, China (Figure 1 ). It has a mean depth of 2.1 m, a maximum depth of 3.4 m, and a surface area of 860 ha. In the 1950s, 98% of the lake area was covered by submerged macrophytes, and the water was clear [39, 40] , but from the 1960s, because of fish farming and increased external and internal nutrient loading, the submerged macrophytes disappeared and the lake became turbid and eutrophic [41] . With the aim of improving the water quality, a sub-basin of Lake Wuli, completely isolated from the main lake by dams built under two bridges, was selected to test the effect of ecological restoration. This sub-basin had a mean depth of about 2.0 m and a surface area of 5 ha. After water level reduction (pumping water to the main lake), coarse fish (mainly from the Cyprinidae family, 431 kg·ha −1 ) were removed in 2010 using gillnets and electric fishing, the key target fish species being common carp Cyprinus carpio Linnaeus, crucian carp Carassius carassius Linnaeus, silver carp Hypophthalmichthys molitrix Valenciennes and bighead carp Hypophthalmichthys nobilis J. Richardson, and piscivorous fish (mandarin fish Siniperca chuatsi Basilewsky and snakehead fish Channa argus Cantor) were stocked (51 kg·ha −1 at one time). In addition, submerged macrophytes were manually planted (about 30 adult plants per square meters), consisting of eel grass Vallisneria spinulosa Yan, hydrilla Hydrilla verticillata Royle, Eurasian watermilfoil Myriophyllum spicatum L., pondweeds Potamogeton maackianus Benn and Potamogeton malaianus Miq., and coontail Ceratophyllum demersum L.. Submerged macrophytes became the dominant primary producer after biomanipulation, with M. spicatum, P. malaianus, and P. maackianus as the key species, and the average biomass of submerged macrophytes was 1.7 kg·WW·m −2 (from August 2010 to November 2011, Guan et al., unpublished data).
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Materials and Methods
Description of the Study Lakes
Lake Wuli (31°32′05.82″ N, 120°14′12.16″ E) is a subtropical, shallow, hypereutrophic, and isolated bay in Lake Taihu, situated in Wuxi City in Jiangsu Province, China (Figure 1 ). It has a mean depth of 2.1 m, a maximum depth of 3.4 m, and a surface area of 860 ha. In the 1950s, 98% of the lake area was covered by submerged macrophytes, and the water was clear [39, 40] , but from the 1960s, because of fish farming and increased external and internal nutrient loading, the submerged macrophytes disappeared and the lake became turbid and eutrophic [41] . With the aim of improving the water quality, a sub-basin of Lake Wuli, completely isolated from the main lake by dams built under two bridges, was selected to test the effect of ecological restoration. This sub-basin had a mean depth of about 2.0 m and a surface area of 5 ha. After water level reduction (pumping water to the main lake), coarse fish (mainly from the Cyprinidae family, 431 kg·ha −1 ) were removed in 2010 using gillnets and electric fishing, the key target fish species being common carp Lake Qinhu (32°37′38.76″ N, 120°05′43.49″ E) is a subtropical shallow turbid lake situated by Taizhou City in Jiangsu Province, China (Figure 1 ). With the aim of improving the lake's water quality, a part was selected as an ecological restoration demonstration area that was completely isolated from the main lake by dams. This area was cut off from Lake Qinhu by two bridges. This Lake Qinhu (32 • 37 38.76" N, 120 • 05 43.49" E) is a subtropical shallow turbid lake situated by Taizhou City in Jiangsu Province, China (Figure 1 ). With the aim of improving the lake's water quality, a part was selected as an ecological restoration demonstration area that was completely isolated from the main lake by dams. This area was cut off from Lake Qinhu by two bridges. This basin had a mean depth of 1.5 m and a surface area of 8 ha and was restored by biomanipulation in the form of fish removal by drying the basin partially (a bridge crossing over the restored parts was built for tourism). We unfortunately lack information about the total biomass removed, but the key target fish species were C. carpio, C. carassius, H. molitrix and H. nobilis, followed by manually planting about 30 adult plants per square meters of V. spinulosa, H. verticillata, M. spicatum, and C. demersum in 2011. After restoration, the water became clear and the submerged macrophytes had a mean biomass of 1.6 kg·WW·m −2 (from September 2011 to March 2012, Guan et al., unpublished data).
South Lake (23 • 07 54.37" N, 113 • 20 39.60" E) at Jinan University, Guangzhou, Guangdong Province, China, is a tropical eutrophic shallow lake (Figure 1 ). It has a mean depth of 1.0 m and a surface area of 0.4 ha. The lake was restored by external loading reduction in 2013 through blocking of sewage inlet pipes [42] , followed by fish removal with gillnets and electric fishing (mainly from the Cyprinidae family, 375 kg·ha −1 ), the key target species being Nile tilapia Oreochromis niloticus Linnaeus, C. carpio and C. carassius, and reestablishment of submerged macrophytes by manually planting about 70 adult plants individuals per square meter (V. spinulosa, H. verticillata, and M. spicatum) after lowering the water level in January-February 2014. After restoration, in September 2014, the coverage of submerged macrophytes reached 85% of the lake surface [42] .
Monitoring of Physical and Chemical Parameters
The physical and chemical parameters of the lakes were monitored at three different sites in the restored and unrestored parts of Lake Wuli and Lake Qinhu, respectively. In South Lake at Jinan University, samples were taken from the same (three) sites before and after the ecological restoration. Concentrations of total nitrogen (TN), total phosphorus (TP), chlorophyll a (Chl a), and total suspended solids (TSS) of the water column, Secchi depth (SD) and water depth (D) were measured at least once a month at different sampling sites. For Lake Wuli, measurements were conducted from April of 2010 to February of 2012, and the summer measurement frequency was weekly in 2010 and monthly in 2011. For Lake Qinhu, data on physico-chemical parameters were collected monthly from May 2011 to March 2012. Before the restoration of South Lake at Jinan University, monitoring was conducted three times a month from October to December 2013 and twice a month from March to July as well as three times in August and once in September 2014 after finishing the restoration in January-February 2014.
A Secchi disc was used to measure SD, and water depth was recorded with a sensor (SM-5, Speedtech Instruments, USA) in each sampling site. The water samples, which were pooled from three sub-samples collected at different depths (0.5, 1.0 and 1.5 m), were collected with a 5 L water sampler at each sampling site, and a 5 L subsample was taken from each site and brought back to the laboratory. TN was determined using an alkaline potassium persulfate digestion-UV spectrophotometric method, and TP was determined following the ammonium molybdate spectrophotometric method after digestion with K 2 S 2 O 8 solution according to Chinese Standard Methods for Monitoring Lake Eutrophication [43] . Chl a was measured using 90% (v/v) acetone/water solution extraction followed by spectrophotometry and calculated without correcting for phaeophytin interference [44] . TSS samples were prepared by filtering 1-2 L lake water through pre-weighed GF/C filters, which were then dried at 60 • C.
Statistical Analyses
Time course data, including chemical and physical data, and Chl a concentrations for both the restored and unrestored parts of Lake Wuli and Lake Qinhu were compared between the treatments using an analysis of variances for repeated measures (rANOVA) applying a general linear model. Statistical tests could not be conducted for South Lake due to lack of a reference part. All data were appropriately transformed wherever necessary to meet the requirements of normal distribution and homogeneity of variances. All comparisons were performed with the statistical package SPSS version 22.0 (IBM Corporation, Somers, NY, USA).
Results
Overall, the average concentrations of TN, TP, Chl a, and TSS were lower in the restored parts of Lake Wuli and Lake Qinhu than in the unrestored areas (Table 1) , and lower concentrations were also found in South Lake at Jinan University after restoration ( Table 1 ). The SD:WD ratio was higher in the restored parts of Lake Wuli and Lake Qinhu than in the unrestored areas, and similarly the SD:WD ratio for South Lake increased after restoration ( Table 1) . Table 1 . Annual mean concentrations (±SE) of total nitrogen (TN), total phosphorus (TP), chlorophyll (Chl a), total suspended solids (TSS), and water clarity (SD:WD ratio) in the restored and unrestored areas of Lake Wuli and Lake Qinhu, and in the pre-restoration and post-restoration phase of South Lake; and rANOVA statistical results of Lake Wuli and Lake Qinhu.
Parameters Lake Wuli
Lake Qinhu South Lake* *Note: F and P values for South Lake were not available due to lack of a reference lake.
Response of TN and TP to Biomanipulation
In Lake Wuli, TN in the restored area exhibited lower concentrations than in the unrestored area, especially during summer, and the levels were relatively stable in the restored area with only small fluctuations among the 43 samplings conducted from April 2010 to February 2012. Thus, annual mean TN concentrations dropped to 58% relative to the level in the unrestored area ( Table 1) . The frequency of occurrence of mean TN concentration <1.0 mg·L −1 was 95% for the restored and 30% for the unrestored area (Figure 2a) . In contrast, the mean TP concentrations in restored Lake Wuli showed relatively large fluctuations compared to TN but were still lower than in the unrestored area (Table 1) , especially during August-September 2010 (Figure 2b ). The annual mean TP concentration was 69% of the level in the unrestored area ( Table 1 ). The frequency of occurrence of a mean TP concentration <50 µg·L −1 was 81% for the restored and 49% for the unrestored area during the whole sampling campaign (Figure 2b) .
In Lake Qinhu, the concentrations of TN in the restored part showed a similar pattern as that in Lake Wuli, with low level fluctuations throughout the whole monitoring period (Figure 3a) . The mean TN concentration in the restored area of the lake was lower than in the unrestored area. The annual mean TN concentration was 62% of the level in the unrestored area ( Table 1 ). The frequency of occurrence of mean TN concentrations <1.0 mg·L −1 in the restored area of Lake Qinhu was 73%, which was much higher than the 9% recorded in the unrestored area during the whole monitoring period (Figure 3a) . In contrast, the mean TP concentration in the restored area of Lake Qinhu showed relatively low fluctuations compared with the unrestored area (Figure 3b) , and no significant differences occurred between the two parts of Lake Qinhu ( Table 1) . The annual mean concentration of TP in the restored part was 75% of the level in the unrestored area. The frequency of occurrence of mean TP concentration lower than <50 µg·L −1 was 55% for the restored and 27% for the unrestored area throughout the whole sampling campaign (Figure 3b ). Figure 4a) ; the mean TN concentration of the lake after restoration was only 26% of the pre-restoration concentration (Table 1) , and the occurrence frequency of a mean TN concentration lower than 1.0 mg·L −1 being 86% for the whole monitoring period. A marked decrease was also found in mean TP concentrations in South Lake after restoration, which was 31% of the pre-restoration level ( Table 1 ). The frequency of mean TP concentrations <50 μg·L −1 was 36% (Figure 4b) , which is lower than in the subtropical restored area of Lake Wuli. After the biological restoration of tropical shallow South Lake at Jinan University in January-February 2014, the concentrations of TN declined rapidly in April, followed by only low-level fluctuations ( Figure 4a) ; the mean TN concentration of the lake after restoration was only 26% of the pre-restoration concentration (Table 1) , and the occurrence frequency of a mean TN concentration lower than 1.0 mg·L −1 being 86% for the whole monitoring period. A marked decrease was also found in mean TP concentrations in South Lake after restoration, which was 31% of the pre-restoration level ( Table 1 ). The frequency of mean TP concentrations <50 µg·L −1 was 36% (Figure 4b) , which is lower than in the subtropical restored area of Lake Wuli. 
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Response of Chl a to Biomanipulation
The response of Chl a to the biomanipulation measures implemented in Lake Wuli was pronounced; thus, mean summer Chl a concentrations in the restored area were low, while higher Chl a levels were found in the unrestored part (Figure 2c ). The annual mean Chl a concentration in the restored part was 42% of the mean concentration in the unrestored area (Table 1) . Moreover, the fluctuations in Chl a concentrations in the restored part of Lake Wuli were low compared with those observed in the unrestored part (Figure 2c ). The frequency of mean Chl a concentrations <15 µg·L −1 was 98% for the restored and 61% for the unrestored area during the whole sampling period (Figure 2c) .
In Lake Qinhu, a notable seasonal change in Chl a concentrations was recorded in the unrestored part with high summer levels and an annual mean concentration of 17 µg·L −1 . In contrast, summer Chl a concentrations were lower in the restored than in the unrestored area (Figure 3c ), the annual mean concentration was 54% of the annual mean concentration in the unrestored part (Table 1) . During 
The response of Chl a to the biomanipulation measures implemented in Lake Wuli was pronounced; thus, mean summer Chl a concentrations in the restored area were low, while higher Chl a levels were found in the unrestored part (Figure 2c ). The annual mean Chl a concentration in the restored part was 42% of the mean concentration in the unrestored area (Table 1) . Moreover, the fluctuations in Chl a concentrations in the restored part of Lake Wuli were low compared with those observed in the unrestored part (Figure 2c ). The frequency of mean Chl a concentrations <15 μg·L −1 was 98% for the restored and 61% for the unrestored area during the whole sampling period (Figure 2c) .
In Lake Qinhu, a notable seasonal change in Chl a concentrations was recorded in the unrestored part with high summer levels and an annual mean concentration of 17 μg·L −1 . In contrast, summer Chl a concentrations were lower in the restored than in the unrestored area (Figure 3c) , the annual mean concentration was 54% of the annual mean concentration in the unrestored part (Table 1) . During the whole sampling period, an average Chl a <15 μg·L −1 occurred in 90% of the sampling months in the restored part but only in 40% of the sampling months in the unrestored part (in winter). The mean Chl a concentrations of South Lake showed large fluctuations before restoration. After restoration, a notable decrease in Chl a occurred in March 2014, after which levels were relatively stable and low until the end of the monitoring. The Chl a mean concentration decreased to only 27% of the pre-restoration level (Figure 4c ). Only 36% of the sampling months after restoration exhibited Chl a concentrations <15 µg·L −1 , a proportion much lower than in the other two subtropical restored lakes (Lake Wuli and Lake Qinhu).
Response of TSS to Biomanipulation
In Lake Wuli, mean TSS concentrations in the unrestored part fluctuated widely during the whole monitoring period (Figure 2d) , and only in 28% of the sampling months did TSS values <15 mg·L −1 occur. TSS in the restored area of Lake Wuli also showed large variations from August 2010 to the end of the monitoring period, but the values were lower than in the unrestored area, especially in summer (Figure 2d) , and the annual mean concentration of TSS was 32% of the level in the unrestored area (Table 1) . Overall, the percentage of months having a TSS level <15 mg·L −1 in the restored part of Lake Wuli was as high as 93.0% and thus much higher than in the unrestored area (28%).
Similar patterns to those recorded in the unrestored part of Lake Wuli emerged for mean TSS concentrations in the unrestored area of Lake Qinhu; here, large fluctuations occurred during the whole monitoring period, i.e., >15 mg·L −1 in all months (Figure 3d) . The mean TSS concentration in the restored area of the lake was lower than in the unrestored area ( Table 1 ). The proportion of months with TSS <15 mg·L −1 was 100% in the restored area where TSS showed little fluctuation during the sampling months. In the restored area, TSS averaged 5 mg·L −1 , which was equal to only 15% of mean TSS in the unrestored area (Figure 3d) .
In South Lake, extremely high TSS concentrations were found in late October 2013 before restoration, after which a gradual decline was observed until the end of December (Figure 4d ) following the external nutrient loading reduction. However, after the in-lake biological restoration, which was finished in January-February 2013, very low concentrations of TSS were recorded throughout the rest of the monitoring period, with only small fluctuations (the annual mean concentration was only 6% of the mean concentration before restoration) (Figure 4d ).
Response of the SD:WD Ratio to Biomanipulation
In all the study lakes, the SD:WD ratio responded quickly to the biomanipulation, always being higher in the restored than in the unrestored area of Lake Wuli where the annual mean SD:WD ratio of the restored area was 4 times higher than in the unrestored area (Table 1 ) (Figure 2e ). The proportion of months with a ratio >0.5 was 98% in the restored area and only 4.7% in the unrestored area of Lake Wuli (Figure 2e ). Similar patterns were revealed in Lake Qinhu where the SD:WD ratio showed relatively wide fluctuations in the restored area but only small changes in the unrestored area (Figure 2e ). However, for 89% of the sampling events, a SD:WD ratio >0.5 (light to the bottom) was recorded, whereas the SD:WD ratio for the unrestored area never exceeded 0.5 ( Figure 3e ). The SD:WD ratio in the restored area was 3.5 times higher than in the unrestored part.
In South Lake, the SD:WD ratio increased rapidly to 1.0 in March after restoration, indicating light to the bottom. Afterwards, the average ratio declined to 0.6 in May 2014 but returned to 1.0 in early June (Figure 4e ). After restoration, mean SD:WD ratios >0.5 were recorded in all months, and the annual mean ratio was 153% of the level before restoration (Table 1 ).
Discussion
The biomanipulation (fish removal combined with submerged macrophyte transplantation) of the three eutrophic shallow lakes in subtropical and tropical areas of China was successful as judged from the declining concentrations of TN, TP, Chl a, and TSS and the increased water transparency (SD:WD ratio) after restoration (Figures 1-3) . The concentrations of TN, TP, Chl a, and TSS in the tropical South Lake decreased by 69%-94% compared with the levels before restoration. Similarly, mean concentrations of TN, TP, Chl a, and TSS were 31%-68% and 25%-85% lower in the restored sections of subtropical and shallow Lake Wuli and Lake Qinhu, respectively, compared with the unrestored sections . Mean concentrations of TN and TSS were <1.0 mg·L −1 and <10.0 mg·L −1 , respectively, in the restored sections of Lake Wuli and Lake Qinhu, as well as in South Lake after restoration. The mean concentration of Chl a was <10 µg·L −1 in the restored areas of Lake Wuli and Lake Qinhu, and the mean concentration of Chl a in South Lake after restoration was about 20 µg·L −1 . There is no reference basin for South Lake and external nutrient loading was reduced 3 months before the biomanipulation. Although the response of this lake to biomanipulation is similar to that observed in the other two lakes, the results from South Lake should be interpreted with caution as some improvements were seen already in the first 3 months after nutrient loading reduction, i.e., before biological intervention.
In temperate lakes, fish removal has also resulted in major reductions in TN and TP [8, 34, 45] . In a study of 36 Danish lakes (mainly shallow and eutrophic), concentrations of TN, TP, Chl a, and TSS decreased by 30%-50% relative to the level prior to fish removal [8] , which is lower than the decline observed in our study lakes. This most likely reflects the more comprehensive restoration conducted in our study, which combines the more traditional fish removal with submerged macrophyte transplantation. This dual treatment was undertaken for several reasons: First, strong grazer control by zooplankton after fish removal is unlikely to occur due to the dominance of small and quickly reproducing fish [46] . In accordance with this, several studies have shown a fast return of fish and a shift back to the turbid state in (sub)tropical lakes. For instance, in subtropical Lake Naini Tal, India, after a fish kill comprising >80% of the most abundant fish species, the planktivorous mosquito fish Gambusia affinis, nutrient concentrations decreased and water clarity increased [47] , but three months later the water conditions had almost returned to their former state. In a lake in Uruguay, similar observations were made after a fish kill [48] . By contrast, a relatively low Chl a concentration and high water clarity were recorded in a tropical Brazilian reservoir (Lake Paranoá) for >10 years after fish manipulation, but in this case it is difficult to disentangle the specific effects of the two measures applied (flushing and biomanipulation) [3] . Second, submerged macrophytes may have a particular stabilizing effect in warm lakes compared with temperate lakes; in the former they can maintain high biomasses throughout winter, thereby preventing spring blooming [49] .
The clear water state with abundant submerged macrophytes has so far lasted for 7 months in tropical South Lake and for 10 and 23 months in subtropical Lake Qinhu and Lake Wuli, respectively. In the restored part of tropical Huizhou West Lake, the dominance of submerged macrophytes and a clear water state have now lasted for >7 years [3, 36] . This provides further evidence [3] of the usefulness of biomanipulation as a restoration technique in warm shallow eutrophic lakes after a sufficiently high external loading reduction. However, in temperate lakes, repeated fish removal is suggested to obtain a longer-lasting clear water state [3, 50] , and such repeated removal may also be recommended for warm shallow lakes. The warm lakes are dominated by omnivorous fish in both the turbid and the clear water states [32] , and it has been shown that adult omnivores feed mainly on submerged macrophytes in the restored part of Huizhou West Lake [37] as well as in Lake Wuli [38] , and high abundances of these species could lead to a return of the turbid state.
